Abstract Large Sample Neutron Activation Analysis (LSNAA) was applied to perform non-destructive elemental analysis of a ceramic vase. Appropriate neutron self-shielding and gamma ray detection efficiency calibration factors were derived using Monte Carlo code MCNP5. The results of LSNAA were compared against Instrumental Neutron Activation Analysis (INAA) results and a satisfactory agreement between the two methods was observed. The ratio of derived concentrations between the two methods was within 0.7 and 1.3. Estimation of the activity level decay with time showed that the vase could be released from regulatory control at about 3 months postirradiation. This study provided an analytical procedure for bulk sample analysis of precious and archaeological objects that need to be preserved intact and cannot be damaged for sampling purposes.
Introduction
Authenticity and provenance studies often require elemental analysis of artefacts and other findings. Instrumental Neutron Activation Analysis (INAA) is an established technique allowing such analysis to be performed [1] . The technique is based on neutron irradiation of samples obtained from the object of interest and measurement of the emitted gamma rays using a gamma spectrometer system. The mass of analyzed samples is in the range from milligrams to grams, representing a small portion of the bulk material. Nevertheless, there are applications where representative sampling from the bulk material cannot be performed. Large Sample Neutron Activation Analysis (LSNAA) enables non-destructive analysis of bulk samples and objects, up to several liters in volume, as a whole and therefore is a suitable technique for analysis of objects that cannot be damaged for sampling purposes [2] .
In LSNAA the sample is irradiated at a research reactor graphite thermal neutron column and transferred to a gamma ray spectrometry system to be counted either as a whole [3] or using a scanning geometry counting configuration [4] . Corrections are required for self-shielding of the activating neutrons [5, 6] , self-absorption of gamma rays [7] , heterogeneity of the sample [8, 9] and geometric factor during gamma counting [10] . Moreover, k 0 based calibration techniques for LSNAA have been presented [11, 12] .
In this work LSNAA was applied to perform nondestructive elemental analysis of a vase composed of ceramic material. Appropriate neutron self-shielding and gamma ray detection efficiency calibration factors were derived using the Monte Carlo method. The results of LSNAA were compared against conventional INAA results and a satisfactory agreement between the two methods was observed. This work provides a nuclear analytical procedure for bulk sample elemental analysis of precious and archaeological objects that need to be preserved intact.
Experimental
The analyzed item was a commercially purchased handmade ceramic vase shown in Fig. 1 . The outer dimensions of the vase were 11.5 cm in diameter (at maximum) and 15.6 cm in height. The average wall thickness was 0.43 cm and its weight was 376 gr. It is noted that the external surface of the vase was painted by acrylic colors.
The experimental procedures were performed at the facilities of Reactor Institute Delft, Delft University of Technology (The Netherlands). Neutron irradiation was performed at the Big Sample Neutron Irradiation System (BISNIS) installed at Hoger Onderwijs Reactor graphite thermal neutron column [13] . BISNIS provides a moderated neutron flux of 5 9 10 8 cm -2 Ás -1 . The irradiation time was 12 h. During irradiation eighteen zinc flux monitors were positioned on the surface of the sample. The monitors were removed after the end of irradiation and measured using a calibrated well type HPGe detector and 30 min counting time. The results were interpreted in terms of thermal neutron flux.
Measurements of emitted gamma rays from the vase were performed using a HPGe detector based spectrometry system. The gamma ray detection system is described in detail elsewhere [14] . The detector consisted of a HPGe crystal of 96% relative efficiency, 1.82 keV energy resolution at the 1332 keV 60 Co photo-peak and peak to Compton ratio of 97:1. Activation gamma ray spectra were measured 5 days after irradiation for 3 h. During measurement the vase was rotated around its vertical axis to minimize axial non-uniformity of activation. The distance from the detector surface to the axis of rotation was 20 cm. The acquired activation spectrum was corrected with the corresponding gamma ray background spectrum. The isotopes, their half-lives and photon energies used for large sample analysis are shown in Table 1 .
Following to LSNAA five sub-samples were randomly obtained from the vase material. The average weight of the sub-samples was 240 mg. These samples were analyzed by conventional ''small sample'' INAA. Irradiations were performed in polyethylene vials using zinc flux monitors in a thermal neutron flux of about 5 9 10 12 cm -2 s -1 . The emitted gamma rays were measured approximately 6 and 19 days after irradiation. The quantification was carried out using zinc as the comparator element and the calibration constants determined at RID and on the basis of the k 0 method [15] .
Monte Carlo simulations
In order to obtain quantitative results from LSNAA the experimental data need to be evaluated for self-shielding of the activating neutrons, self-absorption of gamma rays and the geometric factor during gamma counting of the bulk sample. The Monte Carlo code MCNP, version 5 [16] , was used in order to model the neutron irradiation and gamma counting configurations and derive the required LSNAA correction factors. Since these factors depend on the geometry and material of the sample, a close approximation of the vase was required. Moreover, the graphite pile, irradiation container and HPGe detector were modeled in detail. Cross section data from the Evaluated Nuclear Data File (ENDF) system were used [17] . MCNP code and cross section data packages were obtained from NEA Data Bank (France).
Neutron irradiation model
Simulations were performed assuming thermal neutrons incident on the surface of the graphite pile. Due to the high thermal to epithermal neutron flux ratio at BISNIS facility (of about 250), neutron moderation within the ceramic material is of minor importance and was not taken into account. Thermal fluxes were predicted using track length estimates of neutron flux, in units of cm -2 per source neutron. The neutron self-shielding correction factor, f n , was calculated as the ratio of the average predicted thermal neutron flux throughout the volume of the sample to the average predicted thermal neutron flux over the external surface of the vase. The activating neutron flux could be derived by combining the experimentally determined thermal neutron flux on the surface of the vase as measured by the zinc monitors and the MCNP predicted neutron selfshielding correction factor.
Gamma ray detection model
The HPGe detector full energy peak efficiency for the large sample was calculated using the efficiency transfer method on the basis of the full energy peak efficiency measured for a reference point source. This factor provides the difference in actual detector response for a given gamma ray energy compared to the detector response if the sample (vase) would have been a point-source located in a reference point without gamma attenuation and scattering. It has been shown that the full energy peak efficiency transfer method increases greatly the accuracy of the results of quantitative analysis by gamma spectrometry and avoids time consuming calibration sequences [18] .
MCNP code was used to predict full energy peak efficiency for the reference point source at 20 cm distance from the detector (at the geometrical centre of the vase) and for the actual vase source configuration in order to derive the efficiency transfer factor. The MCNP gamma ray detector and vase geometry model is shown in Fig. 2 .
Pulse height tally was used to predict the detector's response in terms of energy deposited in the active volume of the crystal in the specified energy bin and thus estimate the absolute full energy peak efficiency of the detector. The geometrical characteristics of the detector used in the model are shown in Table 2 . It is stressed that the detector active crystal volume was optimized on the basis of measured data using standard point sources and a set of MCNP calculations to adjust the thickness of the effective germanium crystal dead-layer and account for discrepancies between the nominal active volume and the actual one. This method has been applied by other workers developing HPGe models for efficiency calibration [19] .
Sample clearance
An important parameter related to the application of LSNAA in cultural heritage, authentication and provenance studies is the time interval (''cooling time'') required in order to exempt the large sample from the regulatory requirements of radioactive substances. The activity generated in the large sample depends on the cross section of each reaction, the neutron flux, the elemental concentration of the irradiated material and the irradiation time. After the end of irradiation, the total sample radioactivity decreases with time according to the decay scheme of each radionuclide. The sample can be released from regulatory control (''clearance'') if its total activity as well as activity concentration per unit mass is below specific exemption limits. International Atomic Energy Agency [20] provided exemption values of activity and activity concentrations per radionuclide. In the case of a mixture of radio-nuclides the sample is considered cleared when the following criterion applies:
where A i is the activity concentration of the ith radionuclide in the sample, and A r,i is the exemption activity concentration of the ith radionuclide obtained from [20] .
Results and discussion

Correction factors
Immersion of the large sample within the graphite pile resulted in a small perturbation of the thermal neutron field. The experimentally determined average thermal neutron flux at the surface of the vase was (4.18 ± 0.23) 9 10 12 cm -2 s -1 as measured by the zinc foils (n = 18). The MCNP predicted thermal neutron selfshielding factor, f n , was 0.981 ± 0.015. By applying this factor on the average thermal neutron flux over the surface of the vase, the average activating thermal neutron flux within its volume was (4.10 ± 0.24) 9 10 12 cm -2 s -1 . The MCNP calculated full energy peak efficiency curves for the point and the actual ''vase'' shaped volume sources over the photon energy range from 50 to 1400 keV are shown in Fig. 3 . In this figure the resulting efficiency transfer function (f c ), from point to ''vase'' source geometries, is also shown. From this figure it can be observed that f c increases with energy. For example, at 320 keV ( 51 Cr peak), 604 keV ( 134 Cs peak), 815 keV ( 140 La peak), 1332 keV ( 60 Co peak), fc factor has the value of 0.915 ± 0.003, 0.943 ± 0.004, 0.955 ± 0.005, 0.965 ± 0.005, respectively. This result is attributed to the decrease in photon attenuation within the ceramic material with increasing photon energy. We note that the reported uncertainty on the f c values is the statistical uncertainty of the calculation.
Combination of neutron and gamma ray correction factors yields an ''overall correction factor'' per given photon energy. The correction factor depends on material, size and shape of the large sample itself and is sample and facility specific. It is evident that for the ceramic vase discussed it is the gamma correction which is the significant. This result reflects the low thermal neutron attenuation properties of the ceramic material resulting in a calculated mean free path of thermal neutrons of 4 cm in the ceramic material which is an order of magnitude larger than the thickness of the vase wall (0.43 cm). Nevertheless, Stamatelatos and Tzika [21] calculated correction factors for neutron self-shielding, c-ray attenuation and volume distribution of the activity in large volume ceramic samples of hollow cylindrical shape with wall thickness ranging up to 1.5 cm. Table 3 shows the elemental concentration results derived by LSNAA and INAA, the ratio of LSNAA to INAA elemental concentration and the limits of detection (LOD) [22] of the two techniques, respectively. The element concentration ratios were within 0.7 and 1.3, for all elements. The LSNAA derived elemental concentrations for Eu, W and Yb were close to the LOD for these elements. It is noted that LODs for LSNAA are higher than those of INAA, however this reflects the significantly lower integrated neutron flux on the sample during irradiation. Nevertheless, the results shown in Table 3 indicate a reasonably good agreement between concentrations found by large sample and small sample neutron activation analysis.
Elemental analysis
To further compare the results, Z-scores per element were calculated as the difference between the large sample and the small sample elemental concentration results, divided by the combined uncertainties of the two. Z-score values are then compared to determined classification being |Z| B 2 considered satisfactory, 2 \ |Z| B 3 considered of questionable quality and |Z| [ 3 considered unsatisfactory. The Z-score results for the elements determined by the two methods are shown in Fig. 4 . It can be observed that Eu, Fe, Co, W, Ca, Yb, As, Cs, La, Sb, Rb have |z| B 2, Ce, Cr, Sc have 2 \ |z| B 3 and Sm has |z| [ 3.
The high Z-scores for Sm and Ce can be explained by the differences in elemental concentrations determined by the two techniques and the small uncertainty values. The elemental concentration differences can be taken to suggest that the gamma ray efficiency curve used for LSNAA may Sample clearance Figure 5 shows the calculated sum of activity concentration ratios, for all radionuclides in the sample, calculated by Eq. 1 as a function of cooling time (time after the end of irradiation). From this figure it can be observed that at 80 days post irradiation the calculated parameter A is less than one (*0.92) and the vase can be 'cleared' from regulatory control. Dominant nuclides were 55 Fe (half-time 2.74 years), 46 Sc (half-time 83.8 days), 51 Cr (half-time 27.7 days), 59 Fe (half-time 44.5 days), 60 Co (half-time 5.27 years) contributing 29, 18, 7, 6, 3% to the total radioactivity, respectively. Moreover, the contact gamma dose rate was estimated to be 0.18 lSv/h level. One year (365 days) post irradiation the calculated parameter A was found to be 0.18 while the contribution of the dominant nuclides 55 Fe, 60 Co, 46 Sc, 152 Eu and 134 Cs to the total activity was 58, 6, 4, 2 and 1%, respectively. At that time, the total activity of the vase was 5.11E ? 3 Bq and moreover, the contact gamma dose rate was estimated to be 0.08 lSv/h. It is noted that the dominant nuclide 55 Fe is not a gamma ray emitter and therefore it does not contribute to the gamma dose rate. 
Conclusions
In this work a ceramic vase was analyzed by LSNAA and the results of the analysis were compared to results obtained by INAA. The required corrections for thermal neutron self-shielding during sample irradiation and c-ray detection efficiency for the volume source during counting were derived using the Monte Carlo method enabling precise simulation of the complex large sample, irradiation facility and gamma ray detector configurations. A satisfactory agreement between LSNAA and INAA results was observed within the range of 0.7-1.3. The activity induced in the object was low enough to enable release from regulatory control in a relatively short time period of about 3 months post neutron irradiation.
The results of this study demonstrated the feasibility of performing LSNAA to a ceramic vase (as a whole) and therefore contribute to the requirement for developing validated nuclear analytical procedures for non-destructive, multi-element bulk sample analysis of precious and archaeological objects that need to be preserved intact and cannot be damaged for sampling purposes. Moreover, LSNAA is not affected by post-depositional elemental alterations [23] since the analytical information is provided from the whole of the bulk material and not from the surface layers of the material only. For comparison, other established non-destructive analytical methods such as X-ray fluorescence analysis or analytical techniques based on charged particle irradiation (PIXE) can only analyze superficial layers of the sample.
